A practical experimental strategy is proposed that could potentially enable greater control of the tip apex in non-contact atomic force microscopy experiments. It is based on a preparation of a structure of interest alongside a reference surface reconstruction on the same sample. Our proposed strategy is as follows. Spectroscopy measurements are first performed on the reference surface to identify the tip apex structure using a previously collected database of responses of different tips to this surface. Next, immediately following the tip identification protocol, the surface of interest is studied (imaging, manipulation and/or spectroscopy). The prototype system we choose is the mixed Si(111)-737 and Ag:Si 111
A practical experimental strategy is proposed that could potentially enable greater control of the tip apex in non-contact atomic force microscopy experiments. It is based on a preparation of a structure of interest alongside a reference surface reconstruction on the same sample. Our proposed strategy is as follows. Spectroscopy measurements are first performed on the reference surface to identify the tip apex structure using a previously collected database of responses of different tips to this surface. Next, immediately following the tip identification protocol, the surface of interest is studied (imaging, manipulation and/or spectroscopy). The prototype system we choose is the mixed Si(111)-737 and Ag:Si 111 ð Þ-ffiffi ffi
surface which can be prepared on the same sample with a controlled ratio of reactive and passivated regions.
Using an ''in silico'' approach based on ab initio density functional calculations and a set of tips with varying chemical reactivities, we show how one can perform tip fingerprinting using the Si(111)-737 reference surface. Then it is found by examining the imaging of a naphthalene tetracarboxylic diimide (NTCDI) molecule adsorbed on Ag:Si 111 ð Þ-ffiffi ffi 3 p | ffiffi ffi 3 p À Á R30 0 surface that negatively charged tips produce the best intramolecular contrast attributed to the enhancement of repulsive interactions.
S
canning probe microscopy (SPM) has become the tool of choice for providing detailed information on realspace atomic and molecular structure at surface interfaces. The high sensitivity of SPM to tip-sample interactions makes it a particularly powerful method of studying single molecules with exceptionally high resolution. In scanning tunneling microscopy (STM), for instance, it has been shown that submolecular resolution is achievable by imaging molecular orbital density 1, 2 . This is possible because the image contrast is sensitive to the density of states of the molecular orbitals within an energy window around the Fermi level. However, whilst impressive resolution can be achieved, relating the observed image to the atomic structure is challanging and generally requires detailed theoretical consideration of the electronic structure. Non-contact atomic force microscopy 3 (NC-AFM) operated in the frequency modulation mode 4 can avoid this problem as the contrast in AFM relies on the variation of the short-range interaction between tip and surface. Moreover, NC-AFM offers the possibility to quantitatively measure tip-sample forces allowing, for instance, the chemical identification of a surface 5 , measurement of molecular pair potentials 6, 7 and measurement of the lateral forces during atomic manipulation 8 . By using an ''on-off'' approach 9,10 the short-range interaction forces and potential maps can be obtained directly experimentally and a quantitative comparison of these with density function theory (DFT) calculations is possible. Most importantly for molecular study, by functionalising the scanning tip NC-AFM is capable of revealing the internal structure of planar molecules with unprecedented resolution. Since individual bonds were first resolved by Gross et al 11 , NC-AFM has been shown to reveal the bond order within an organic molecule 12 , molecular charge distribution 13 , conformation 14 and the stages of a chemical reaction 15 . More recently intermolecular features have also been resolved for hydrogen-bonded molecules 16, 17 although the interpretation of the contrast is far from trivial and requires very careful analysis of tip-sample interactions 17, 45 . Although in a simplistic view NC-AFM can be considered a probe of the total surface electron density 18 , the exact imaging mechanism of NC-AFM is complex due to the interplay of Pauli repulsion, covalent and Coulomb interactions, and van der Waals attraction. Thus far the mechanism of sub-molecular contrast was assigned solely to Pauli repulsion, with the long-range attraction being considered to only contribute to a site-independent background 11 . To attain intramolecular resolution, the tip first needs to be functionalized by picking up individual atoms or molecules 19 to passivate the reactive tip apex. If the tip is not passivated the attractive tip-sample interaction becomes too high and the molecule is manipulated before submolecular resolution can be achieved 11 . Only in exceptional cases, such as for large graphene sheets 20 or molecules bound on semiconductor surfaces 21 , can reactive tips acheive similar resolution. This presents a challenge for non-metallic systems such as semiconductor surfaces where controlled tip termination is significantly more difficult. Consequently, in semiconductor systems sophisticated theoretical modeling involving a large number of conceivable tip models [22] [23] [24] is essential in order to correctly interpret the experimental images. However, this is impossible to do reliably without knowing the actual tip termination.
To overcome these difficulties, several tip identification protocols have been proposed, such as determining the tip apex chemical identity by performing spectroscopy measurements on ionic KBr , Si(100) 29, 30 and the hydrogen-passivated Si(111) surface 24 . Fuiju and Fijihira 31 proposed a new sample holder where two surfaces can be mounted side by side: the CaF 2 (111) surface to be used for tip characterisation, while the other contained a mixed assembly of thiolates on the Au(111) surface. A similar method was proposed by Naydenov et al. 32 in the context of STM where the tip characterisation was performed on the Pt(111) surface before moving onto studying a single molecule adsorbed on the Si(001) surface, both samples mounted in the same sample holder. One method, the so-called CO front atom identification (COFI) protocol 33 , exploits the small spatial extent of a CO molecule adsorbed on a Cu(111) surface to reverse image the tip state prior to using it for force spectroscopy measurements. This method was later used to distinguish atomic species at the tip apex and its orientation 34 . Interestingly, it has been shown that a tip characterised by the COFI method can in principle be transferred to another surface 33 .
Results
Proposed tip identification protocol. Motivated by previous studies 31, 33 , we propose a practical two-step experimental strategy which has the potential to enable not only identification, but accurate control of the apex of a NC-AFM tip. Our proposal, shown schematically in Fig. 1 , is based on characterising AFM probes by ''reverse imaging '' 7,35 the tip state using a reference system (step one) followed by performing a measurement on a system of interest with the now characterised tip (step two) during the same experimental run, thereby ensuring minimal tip change.
The example system we choose is the mixed Si(111)-737 and
0 surface which can be prepared on the same sample with a controlled coverage ratio of chemically reactive and passivated regions (see Fig. 1B and C). Although force spectroscopy measurements can be performed on various lattice sites of the Si(111)-737 surface, the response depends crucially on the (unknown) tip structure. To identify the tip apex structure, we propose that an extended database of theoretically calculated spectroscopy responses for different tip terminations be generated which can then be compared with the experimental observations. This procedure would allow the composition, structure, and relative orientation of the tip apex to be characterised on the reference surface (in the case described below, the Si(111)-737 reconstruction) before moving to the surface and/or adsorbates of interest. If during imaging or manipulation of the surface of interest the tip structure has changed (which can be ascertained via changes in contrast or the spectroscopic response), the first step can be repeated to recharacterise the tip. The tip preparation protocol (e.g. controlled tip crashes and STM bias pulsing) can be repeated until a desirable tip is identified by comparing force spectroscopy measurements to the entries in the theoretical database. The key advantage of this strategy is that specific tip states can be generated and, in principle, recovered in the event that an inadvertent tip change occurs. Through an examination of the calculated F(z) curves beyond the force turnaround we identify tip structures capable of providing intramolecular resolution of planar molecules. Based on our findings we propose a two-stage strategy to: (i) identify the experimental NC-AFM tip structure against a database of theoretically modelled tip apices, then (ii) determine whether the experimental tip is capable of providing intramolecular resolution of planar molecules. In the real experiment (which we mimic here with purely numerical methods) step (i) can be achieved by comparing measured spectra taken above certain lattice sites of the reference surface to a database of theoretical F(z) spectroscopy curves for a large number of possible tip structures. Knowledge of the tip apex structure elucidates the imaging mechanism. Classes of possible tips can then be selected which are capable of providing intramolecular resolution of the molecules.
In our simulations, a number of different tip models were considered, as explained below. It was assumed that these nanotips are responsible for the short-range interaction between the tip and surface. Since we are only interested here in the tip force relative to a certain surface site, the macroscopic contribution to the tip force due to the unknown macroscopic part of the tip was not taken into account, so that we only considered the interaction of the nanotip (to be called simply ''tip'' in what follows) with either of the two surfaces. Seven atomic tip models have been considered which vary in geometry, chemical structure, electronic properties, and their relative orientation with respect to the surface. The tip candidates are shown in Fig. 3 in which the electrostatic potential maps are also plotted. The Sibased tips were modelled by two different Si clusters built upon either (111) (H3 configuration) or (100) surface (dimer configuration) orientations, and terminated with either Si, H, or Ag atoms to simulate a range of possible types of apex following tip crashes. It is also possible that the tip is terminated by the molecule used in the imaging, so NTCDI molecules in two orientations, O-down and H-down, were also considered. Since a CO-terminated tip is known to yield intramolecular resolution for a number of organic molecules on metal surfaces 19 , this tip was also included in our analysis for comparison. The adsorbed CO is most stable when back-bonded via its C atom 39, 40 . In total, including both orientations of the NTCDI tip, eight tip models were considered. Since the tips we consider here are assumed to be covalently bound to a macroscopic part of the tip, upper atoms of the tips were fixed in all our simulations as indicated in Fig. 3 .
To identify the tips we defined defined the following criteria and categories. (i) The bare Si tips in H3 or dimer configurations are classified as reactive because of the existence of dangling bonds directed towards the surface on the apices of these tips, while the passivated Si tips, NTCDI tip and CO tip are chemically inert. (ii) The Agterminated Si tip and H-down NTCDI tip are classified as positively charged considering their electrostatic potentials around the apex. The electrostatic potential surface (EPS) for different tips calculated using DFT electron density is shown in Fig. 3 , in which a surface of constant electron density of 0.001 a.u. is coloured according to the electrostatic potential to guide the comparison between different tips.
Results on Si(111)-737: identification of tips. Force mapping and imaging of Si(111)-737. In order to characterise each tip model, we calculated F(z) above preselected lattice sites for all eight tip structures. The following lattice sites on the Si(111)-737 surface were used: corner adatoms (CoA), rest atoms (R), atoms at the hexagon centre (Hex) and centre (or central) adatoms (CeA), all in either of the two halves, as well as the centre (dimer) site (Ce) and the corner hole (CoH), i.e. ten sites in total, see Fig. 2 . The sites were chosen on the basis of differences in their chemical reactivity 41 . For instance, the fully occupied dangling-bond site Figure 1 | (a) Schematic of the two-step tip control strategy we propose. The tip is first characterised on the Si(111)-737 surface (left) after which it is moved to the actual sample of interest. In our case this is the Ag-terminated Si(111) reconstruction (right). By comparing the experimentally measured tip response above specific surface sites on the Si(111)-737 surface with the corresponding data in our tip database, the tip termination can be characterised prior to the second step. Since the macroscopic part of the tip remains unknown, the ''on minus off'' method is used both in experiment and simulations to minimise the effect of the long-ranged background forces. localised on the rest atoms should produce significantly different behaviour to that of the partially occupied adatom sites 42 . This is also evidenced by the calculated surface electrostatic potential shown in the bottom panel of Fig. 2 . In addition, it has been shown 24 that Si(111)-737 can be controllably dosed with single hydrogen atoms producing a chemically unreactive site in NC-AFM measurements. Therefore, to complement complement the chemically distinct sites already available within the Si(111)-737 reconstruction we also modelled a hydrogen-passivated centre adatom located on the unfaulted half of the unit cell (H-CeA-U). Our reference surface thus consists of eleven distinct sites with at least three significantly different reactivities (adatom, restatom and passivated adatom). The calculated spectra provide a comprehensive description of the response of each tip to the surface which can then be used for tip fingerprinting.
In STM measurements of the Si (111)-737 surface, negative sample bias images enable the faulted and unfaulted halves of the unit cell to be easily distinguished. For NC-AFM studies, however, despite expected differences in the reactivity for each half of the unit cell, the variation is much less noticeable and has only been observed when operating in the very weakly attractive regime 7, 43 . The fact that the tip forces are very similar for the same types of sites on faulted and unfaulted halves of the surface unit cell is generally confirmed by our simulations. We also note that the corner adatom in the faulted half (CoA-F) is found to be slightly more attractive than the corner adatom at unfaulted half (CoA-U) at higher distance and less attractive at close approach except for the O-down NTCDI tip. The calculated raw forces for all ten sites including the corner hole can be found in the Supporting information (SI). For clarity, we will focus here on force spectra calculated for the unfaulted half only (5 sites). In addition to these, the central and the passivated sites will also be used as shown in Figure 4 . In these calculations, to mimic experimental data we used the ''on minus off'' method, such that only the short-range parts of the forces were used obtained by subtracting the force curve above the corner hole.
The values of the maximum attractive force above various lattice sites serve as the simplest comparison one can make between force spectra. As such, we use this to start our discussion on tip fingerprinting. The magnitude of attraction depends on the reactivity of the tip but differs from site to site and with height z. Using bare Si tips in H3 or dimer configurations, the maximum attractive forces above Si adatoms (CoA-U and CeA-U sites) reaches 2.0 nN and 1.7 nN, respectively, while the maximum attractive forces above Si rest atoms (R-U) are 2.8 nN and 2.2 nN, respectively. However, in the case of the H3 tip the maximum force above the adatom sites happens at 0.9 Å larger height than above the rest atom, while in the case of the dimer tip the difference in heights is much larger, 2.1 Å . The maximum force for the O-down NTCDI tip is 2.1 nN above the adatom sites, similar to the Si tips, however, it has almost no attraction above the rest atom site until the very close approach of the tip-sample distance of 1.9 Å . In addition, and qualitatively the opposite of the Si tips responses, the force reaches its maximum value above the adatom sites at 1.2 Å closer to the surface than for the rest atom. Figure 4 (h) shows the force plotted on two scales where a sharp increase in force is calculated over the adatoms at 3Å. This corresponds to a snap-to-contact between the silicon adatom and the oxygen atom on the NTCDI as a bond is formed. This is likely due to the lone pair electrons of the O in NTCDI which allow the formation of a strong bond with the half-filled adatom of the surface. The data reported above should enable telling these three tips apart quite easily.
The maximum attractive forces above the adatoms and rest atom sites observed for chemically inert tips (both passivated Si tips, as well as for H-down NTCDI and CO tips) are between three to ten times smaller, around 0.2-0.7 nN, i.e. these tips clearly form a second family of tips which is quite different from the first set (reactive tips) discussed above. By examining the force spectroscopy curves in detail, it is possible to differentiate between them. For both passivated Si tips and the CO tip the maximum forces at the rest atom site are at least two times smaller than above the adatom sites, while for the H-down NTCDI tip it is the opposite: the maximum force above the rest atom (0.27 nN) is much larger than above the adatom sites (0.04-0.05 nN). Additionally, the H:Si dimer tip differs from the H:Si H3 tip in that the maximum force above the adatom sites is more than three times larger, however, as will be discussed below, this is also related to instabilities of the adsorbed hydrogen on the dimer tip. The CO tip has a similar pattern of maximum forces above the adatom and rest atoms sites to those for the H:Si H3 tip, however, the maximum force above the rest atom site happens at 0.3 Å closer to the surface than for the adatom sites for the CO tip, while this is the other way round for the H:Si H3 tip. The Agterminated Si tip has the maximum forces above the adatom and rest atom sites very close to each other and lying somewhere in between the 
Based on these observations a general distinction between reactive and inert tip structures can be made. Reactive tips are identified as those that undergo a strong interaction (.2 nN) with both the adatom sites (and possibly with the restatom site) of the Si(111)-737. Chemically inert tips are instead calculated to interact weakly with these two sites, producing a maximum attractive force of no more than 0.3 nN (see later discussion regarding stability of the H:Si dimer tip). Finally, there could be tips of intermediate reactivity with the maximum forces lying between these two characteristic values. Not only can the family of chemically inert tips be clearly distinguished from the reactive tips, but it is also possible to tell them apart within the family by looking at the particular pattern of maximum forces above the rest atom and adatom sites. However, identification of tips demonstrating intermediate reactivity may require applying additional criteria.
Note that for all tips discussed here no large difference has been found in the force spectroscopy curves between the centre and corner adatom sites. It is possible however that the results would be different for other tips, not considered here.
To enable a complete characterisation of the tip whereby all of our structures (including the O-down NTCDI termination) can be distinguished we also considered a hydrogen-passivated adatom as a third chemically distinct site. The maximum attractive force above the H passivated Si adatoms varies much less from tip to tip. Indeed, for reactive H3 and dimer Si tips the force is 0.6 nN and 0.25 nN, respectively, for the Ag-terminated tip it is 0.35 nN, while for all other tips the interaction is very weak (attractive forces are less than 0.1 nN). These trends follow the general observation that chemically inert tips -which we later show to be essential for intramolecular resolution -always show weaker interaction than more reactive structures. Importantly, the O-down NTCDI tip also behaves as a non-reactive tip above this lattice site. Therefore it is clear that the fully occupied restatom and passivated hydrogen sites on Si(111)-737 provide the best test to identify chemically inert tips (which we later show most commonly provide intramolecular resolution), and must be considered in addition to the half-filled adatom site to provide a fingerprint for the tip structure. We stress again, all of the forces forces discussed here have been processed using the ''on minus off'' method to remove the long-range component.
It is interesting now to discuss the stability of our of our tip models. If a tip undergoes a modification during the spectroscopy experiment, e.g. acquires an atom from the surface or loses one to the surface, it may not be appropriate for further studies and may be discarded. These kind of events, seen for some of our tips, manifest themselves in the force spectroscopy curves by abrupt changes of the force often with a dissipation signal (not studied here). Indeed, it is seen from Fig. 4(a) that the Si H3 tip becomes unstable at around 4.2 Å above the passivated surface site. We find that this is because it picks up the H atom from the surface, effectively turning itself turning itself into the H passivated Si H3 tip. This was confirmed by our retraction calculations which are consistent with previous observations on both Si(100) 29 and Si(111)-737 24 . Therefore, if this tip is to be used in further studies at stage two as a reactive tip, passivated sites are to be avoided during stage one as otherwise the tip would change its reactivity to inert. The dimer tip, however, does not pick up the H atom from the passivated adatom site which is explained by comparing the H atom removal energies for the two tips and the adatom site. We have previously shown that the adsorption energy for hydrogen on the Si H3 tip is approximately 0.8 eV larger than for the dimer tip structure 29 . Additional calculations (using the SIESTA code 44 as in the previous work 29 ) show that the adsorption energy for H on a Si(111)-737 adatom (which adopts a T4 configuration) is also larger than the dimer tip structure, but now only by 0.45 eV, thus explaining the stability of the H:Si H3 tip.
At the same time, the dimer tip, see Fig. 4(b) , experiences an abrupt increase of the force at 4.5 Å above the adatom sites due to formation of a covalent bond with the dangling bond of the Si adatom. This triggers a reversible (as was shown by as was shown by our calculations of the force-distance curve for retraction of the tip) reconfiguration of the Si dimer at the tip apex. We have previously shown that this sudden distortion of the tip is associated with energy dissipation and hence may manifest itself in the dissipation signal, providing an additional distinct feature for the dimer tip 30 . The passivated Si H3 tip remains stable for all investigated lattice sites. The passivated dimer tip, Fig. 4(d) , on the other hand, loses its H Fig. 4(d) , loses its H atom when approaching an adatom site, in agreement with both the suggested ordering of adsorption energy outlined above and the observation that the reactive tip does not pick up reactive dimer tip does not pick up an H atom from the passivated site on the surface. Upon retraction, retraction the tip becomes reactive suggesting that the adatom sites may sometimes be used to depassivate certain tips if necessary.
As mentioned above, when the O-down, when the O-down NTCDI tip approaches the Si adatoms, the formation of a covalent bond between the O atom of the tip and the Si adatom is seen. Upon retraction, the tip remains intact meaning that this instability is reversible. Similarly, the Ag-terminated Si tip, Fig. 4 (e), shows unstable behaviour above adatom sites as the Ag atom jumps to the surface. It does not, however, remain there remain there upon retraction, i.e. this instability is also reversible.
Finally, the CO-terminated and the H-down NTCDI NTCDI tips were found to be stable above all of the investigated investigated lattice sites of the Si(111) surface. Note that NTCDI and CO tips are prone to bending or tilting upon close approach 17, 45 . Moreover, this flexibility, especially for the CO tip, may result in an apparent enhancement of contrast 12, 45 .
Image contrast. Thus far our consideration has been limited to analysing F(z) spectroscopy for the different tip structures. To provide more immediate insight into the tip characterisation it may be instructive to discuss what kind of images one might expect from these tips. We shall consider the relative differences in contrast that would be expected expect from the different lattice sites. The image contrast will be discussed assuming that the oscillation amplitude is small and the AFM is operated in the constant height mode. In this case the image contrast corresponds to the frequency shift of the cantilever (which, we find, follows a similar profile to the force). For convenience, we shall adopt the following convention frequently used in frequently used in NC-AFM experiments: dark features: dark features correspond to more negative frequency shifts (more attractive regions) and bright features correspond to more positive frequency shifts (repulsive, or less attractive regions). We shall also assume that a series of images are taken in which the height is each time reduced moving the oscillating tip closer to the surface. Our discussion will remain qualitative and will be based entirely on the force versus distance curves calculated for ten lattice sites and the Hpassivated site as explained above. Also recall that the forces we consider are only short-range forces as in each case the contribution from the corner-hole site has been subtracted.
Consider first the two reactive bare Si tips. At large tip-sample distances, the long-range attractive interaction is nearly site-independent and leads to faint contrast approaching the noise level of the experimental equipment. At closer approach, the Si adatoms appear more attractive and hence will appear as dark features, the restatoms and H passivated sites with intermediate intensity and the central and hexagon sites as less attractive features, with a similar brightness to the image background. Appoaching even closer, at around 3 Å and below, the adatoms and H passivated sites are expected to appear as bright features following turn-arounds in force www.nature.com/scientificreports SCIENTIFIC REPORTS | 4 : 6678 | DOI: 10.1038/srep06678whilst the rest atoms remain dark in appearance. For the chemically inert tips, however, the situation is different 46 . For the passivated tip structures the attractive interaction is suppressed and the relatively high geometric position of the H atom adsorbed on the silicon surface is much more noticeable. In this case, images taken at high tipsample separations (.4.5 Å ) would reveal the H passivated sites as the most notable features appearing as dark features (depressions), while other sites would appear with a similar brightness to the image background. At closer approach, passivated sites will turnaround in force appearing much brighter than any other feature, followed by hexagon and rest atoms sites, with adatom sites being the darkest. Recall, however, that the passivated dimer tip becomes unstable above the adatom sites in this distances range. Finally, at even closer approach, the rest atom sites will also become distinctively bright.
Imaging with the CO tip would at large heights first reveal hexagonal and rest atom sites as brightest, with the H-passivated sites being the darkest. At closer approach, the H-passivated site becomes the brightest, while the adatom sites the darkest. Finally, at even closer approach adatom sites become brighter than the rest atom sites, although the passivated sites still appear as brightest.
Let us finally consider the two NTCDI based tips. In both cases the passivated site appears the brightest starting from some tip height. It is followed by the adatom sites for the H-down tip and the rest atom site for the O-down tip. The darkest features in this distance range are the rest atoms and adatom sites for the H-down and O-down tips, respectively.
Finally, for most tips the rest atoms would not manifest themselves in the image until a very close tip approach where the repulsive interaction becomes too high to maintain a stable tip above adatom sites. Therefore for a full characterisation of the tip beyond the general classification discussed here, quantitative F(z) spectroscopy is essential. Taking spectroscopy curves above specific lattice sites might also technically be more preferable than taking a set of images as discussed above.
A short discussion of the interaction mechanisms in relation to the image contrast is contained in the Supporting Information.
Results for an example test system: NTCDI adsorbed on the Ag:Si 111 ð Þ-ffiffi ffi 3 p | ffiffi ffi 3 p R30 0 surface. Force mapping and imaging of NTCDI. To understand in detail the mechanism responsible for the possible intramolecular contrasts to be observed in experiment with different tips, an example system was built up in which a single NTCDI molecule was adsorbed on the Ag:Si 111 Fig. 5 . NTCDI is adsorbed on the surface via relatively weak van der Waals forces with an adsorption energy of 1.454 eV (physisorption). Description of the van der Waals interaction, see Section Methods, is important in our DFT simulations as failure to do so may result in a significant underestimation of the molecular interactions. For instance, the calculated adsorption energy of NTCDI on the Ag:Si 111
0 surface is found to be only 0.142 eV without accounting for the dispersion interactions.
As our goal here is to assess the ability of the tips to provide intramolecular resolution, two sites were considered and are marked as A and B in the figure: the C-C bond in the centre of the molecule (site A) and the centre of a hexagon (site B). If there is a clear contrast between sites A and B, then one may expect that the C-C bond which is surrounded by two hexagon sites will be visible in the image. It is assumed that the contrast in all four hexagon sites of the molecule will be very similar.
In experiment, In experiment 17 , clear inter-and intramolecular contrast appears only when the repulsive contribution to the tipsample interaction causes the force to turn around beyond the minimum in the force curve. When the AFM is operated before the turnaround point, the molecule will appear as a dark diffuse feature. As the tip is approached and intramolecular features become visible, the attractive well will appear as a dark halo 12, 47 and the molecular skeleton as bright features. Therefore, if we are to see the C-C bond as a bright protrusion, the interaction above the bond (site A) must be less attractive than in the middle of the hexagon (site B). If, however, the force above the C-C bond is more attractive, then the C-C bond may still be visible, but as a dark feature. The larger the difference between the forces, the larger the frequency shift above the two sites, and hence the more clearly the skeleton of the molecule is expected to be visualized in AFM. The frequency shifts were simulated assuming that these are small compared with the fundamental frequency of the sensor and can be found in the Supplementary information.
The DFT-calculated force distance curves for the two sites A and B and all eight tips are given in Fig. 6 . Let us first discuss the bare Si H3 and dimer tips. From the experimental point of view, strong bonding between the tip and the adsorbed molecule is undesirable as it might result in a manipulation of the molecule or reconfiguration of the tip. We find in our simulations for a single molecule adsorbed on the surface that, at very close approach, bare Si and the Ag-terminated tips strongly covalently bind to the molecule and may even pick it up upon retraction. Hence they may not be ideal for imaging and achieving intramolecular contrast when scanning a single molecule. The reactive tips need to be passivated by an atom or a molecule to avoid this happening. The situation will be different however when molecules are locked in an island (see, e.g. 17 ) or strongly bound to a surface 21 . In this case it's possible that adsorbed molecules may still be scanned stably by these rather reactive tips. Although we have not carried out simulations of the force spectroscopy curves for a molecule in an island, for some of the tips considered here (CO, NTCDI, as well as bare, hydrogenated and Ag-terminated Si H3 tips) previously reported calculations 17 show that qualitatively calculated forces for a single molecule may be indicative of the expected contrast for a molecule in an island if the region of very close approach is disregarded.
Looking at Fig. 6(a) , we see that the contrast of the C-C bond with respect to the hexagon centre with the bare Si H3 tip would change several times: if at large distances the C-C bonds image as darker features, at intermediate distances the contrast changes to a brighter feature, which changes again at much closer approach. In the case of the bare dimer tip, Fig. 6(b) , such a change happens only once: if at large and intermediate distances the C-C bond imaged as a dark feature, at closer approach it is imaged as a brighter feature. The situation for the dimer tip is qualitatively similar to that for the Agterminated Si tip, Fig. 6(e) , although the maximum attractive force in this case is observed at much closer approach. (Note, however, that however, that this distance cannot be measured experimentally). In all three cases the contrast changes once in the turn-around region, with the maximum attractive force being in the region of 0.2-0.35 nN. Importantly, for both bare Si tips the difference in the forces above the two sites is rather small, less than 0.03 nN, while it is only slightly larger for the Ag-terminated tip (^0:04 nN). Therefore, the contrast in these three cases is expected to be weak. The maximum attractive forces between H passivated Si tips in H3 or dimer configurations, Fig. 6(c,d) , are about 0.15 nN. The interaction above site A is initially more attractive, but changes to more repulsive than above site B in the turn-around region. The difference in forces in the latter region reaches 0.05 nN for the H passivated Si H3 tip, while it is only 0.02 nN for the passivated dimer tip, so that the expected contrast must be weak, as in the previous case. The H-down NTCDI tip, Fig. 6(f) , behaves in a similar manner. In the turn-around region the turn-around region this tip images the C-C bond initially dark, but then bright at closer approach, with the contrast reaching around 0.05 nN.
Consider now the O-down NTCDI and CO tips. Both show qualitatively similar behaviour. Indeed, the maximum attractive forces in both cases are around 0.2 nN. Both O-down tips in the turn-around region show stronger repulsion on the C-C bond making it appear brighter than the hexagon centres. An important observation, however, concerns the magnitude of the difference in forces for these two sites. In this case, one would expect time one would expect a strong contrast as this difference reaches about 0.1 nN in both cases, i.e. a significantly larger value than for e.g. passivated tips discussed above. This means that O-down tips can produce much better intramolecular contrast of the NTCDI molecule than the other tips.
Understanding the interaction mechanism and image contrast. In order to rationalize the image contrast in AFM operated in the region where repulsive forces begin to make a strong contribution let us consider the main factors determining the interaction between the tip and the adsorbed molecule. Electron-rich areas are located above atoms or chemical bonds, and the total electron density (TED) distribution associated with the molecule would most likely represent its skeleton in the image, as these will be the regions where the Pauli repulsion is the largest. By probing the repulsive force, the TED and the skeleton of the molecule could be visualized in experiment. As we have shown in our previous study of NTCDI networks 17 examination of the electron density difference (EDD) reveals that only a small proportion of the TED contributes to the repulsive interactions that underpin submolecular contrast in NC-AFM. This raises an interesting question regarding a particular tip's ability to enhance or suppress repulsive interactions.
Our results show that some tips are more efficient than others at probing the TED across a molecule. For instance, if the tip produces a positive electrostatic potential, such as the H-down NTCDI tip or Ag-terminated Si tip, there will be a strong Coulomb attractive force between the tip and the molecule adsorbed on the surface which will offset the repulsive force leading to reduced (or missing) contrast. On the other hand, using tips with negative electrostatic potential, such as e.g. the O-down tips, the repulsive forces due to Pauli repulsion are enhanced by the Coulomb repulsion in electron-rich areas leading to improved contrast. In our previous study we proposed a mechanism of spontaneous tip-termination 17 with an NTCDI molecule which enabled the reported intramolecular resolution in NC-AFM. It is perhaps worth noting that despite the large number of previous studies of molecular systems in NC-AFM, our report was the first observation of ''spontaneous'' intramolecular resolution of organic molecules (i.e. without the need to directly functionalise the tip. The requirement of electronegative and inert tip terminations, however, offers a reasonable explanation as to why such a tip is rare, i.e. the molecule under study must contain electronegative groups otherwise the spontaneous tip termination would not be capable of intramolecular resolution. In the instances where the molecules under study possess electronegative end groups, we expect that submolecular resolution in NC-AFM through spontaneous/deliberate tip pick-up should be possible.
Discussion
In conclusion, we have investigated the efficacy of various tip structures in producing intramolecular resolution in NC-AFM experiments on planar molecules. To identify tip structures of this type we have proposed a strategy for performing in situ tip identification using the Si(111)-737 reconstruction as a reference surface. The essential point of our strategy is based on the availability, prior to experiment, of a theoretical database containing detailed responses of various tips of different structure and chemical composition to the reference system (revealed via spectroscopy above selected lattice sites and images at different scan heights). The database may also contain some dynamical information on tip responses, e.g. energy barriers for picking up (depositing) atoms to (from) the tips which can be used for assessing the tips stabilities at various temperatures. Based on this method we propose that spectroscopy and imaging measurements can be performed as a first stage on the reference surface and the results compared with the entries in the theoretical database. By making this comparison, detailed information regarding the structure and chemical composition of the tip apex can be inferred allowing one to ''fingerprint'' each tip structure. With our implementation of the ''on minus off'' method, measured forces on the reference system can be directly compared with the entries in the database which were also calculated using the same method and are better comparable with experiment as they represent relative forces. We propose that this tip identification process can be done on the fly immediately prior to further experiments. Therefore, as a second stage the now-characterised tip can be used to perform measurements on the system of interest, which in our example is the submolecular study of planar NTCDI molecules. The second surface is suggested to be prepared on the same sample next to the reference one, seperated only by a few nanometres to preserve the AFM tip and easily recharacterise its structure. We demonstrate that such a sample can be routinely prepared containing adjacent regions of both www.nature.com/scientificreports eleven lattice sites on the Si(111)-737 surface including a H-passivated adatom site. The calculated spectroscopy curves form example entries to the database; with time many other tips may be simulated and added to it eventually enabling one to achieve precise characterization of the tip in the actual experiment. The chosen spectra positions on the Si(111)-737 surface represent chemically distinct sites allowing full characterisation of the tip. In particular, the force curves taken over the half-occupied adatom site, the fully occupied rest atom site and the passivated hydrogen terminated adatom reveal a significant amount of information regarding tips chemical structure.
The chemical reactivity of the tip could be identified by checking the maximum attractive forces. We find that any value larger than 1 nN above the adatoms indicates the formation of a covalent bond between tip and surface. In the case that rest atom spectra also exceeds 1 nN the tip can be identified as reactive and unsuitable for intramolecular resolution in NC-AFM. In contrast, chemically inert tips are calculated to interact more weakly with these two sites, producing a maximum attractive force of no more than 0.3 nN. Finally, in the case of tips that show both strong attraction over adatom sites but weak attraction over rest atom sites, the suitability for submolecular NC-AFM experiments can be identified via a weak interaction above a hydrogen passivated site (i.e. ,0.1 nN).
Moving now to the question of the ability of different tip apices to provide intramolecular resolution to provide intramolecular resolution, it is shown that negatively charged tips produce the clearest intramolecular contrast in NC-AFM when operated in the Pauli repulsive regime, followed by hydrogen-terminated silicon clusters. At the same time, positively charged tips or the Ag-terminated Si tip considered in our study are much less capable of imaging the skeleton of the molecule. We propose that AFM tip terminations with negative electrostatic potentials, such as e.g. the O-down NTCDI and CO tips, enhance the repulsive forces due to Coulomb repulsion in electron-rich areas leading to slightly improved contrast.
The tip identification and control (TIC) protocol we have described has the potential to address arguably the key challenge facing NC-AFM microscopists: characterisation, generation, and recovery of a specific, well-defined probe apex. The easily prepared Si(111)-737 surface contains a number of well recognisable sites and can serve as one possible example of a reference surface that has the potential to distinguish many classes of different tips. But it is not the only one: one may try other surfaces containing well distinguished lattice sites as well. It is however essential that it is possible to prepare the reference surface in proximity to the surface of interest on the same sample. The contiguous chemically inert Ag:Si surface used in this study is an ideal substrate for studying molecular systems in a physisorbed environment, which enables the quantitative study of weak intermolecular interactions.
We hope that this study will stimulate additional calculations in order to extend and create databases for the fingerprinting of NC-AFM tip apices.
Methods
We used the CP2K Quickstep package 49, 50 employing a hybrid Gaussian and planewave method. A double-zeta Gaussian molecularly optimized basis set plus polarization (DZVP-MOLOPT) 51 was used. The Goedecker-Teter-Hutter (GTH) pseudopotentials and the Perde-Burke-Ernzerhof (PBE) exchange-correlation density functional, together with a 300 Ry plane-wave energy cutoff, were used. And the van der Waals forces were taken into account within the Grimme D3 method 52 . The force convergence criterion used for geometry relaxations was 0.005 eV/Å .
Although we did use a rather extended localised basis set in our calculations, the counterpoise correction 53 was used for a number of systems to test the importance of the basis set superposition error (BSSE). As discussed in the Supporting Information, these calculations indicated that this correction is in all cases relatively small and hence neglecting it cannot change qualitative conclusions of our study.
The Si(111)-737 and Ag:Si 111 ð ÞÀ ffiffi ffi 3 p | ffiffi ffi 3 p R30 0 unit cells were constructed using three bilayers plus the surface adatoms, with a vacuum gap (the distance between the adlayer and the bottom surface of the next slab) of 25 Å . The bottom bilayer, whose dangling bonds were terminated with hydrogen atoms, was frozen during geometry optimizations in both cases.
To calculate the force-distance curves for a given tip, we started with the tip and surface at a certain distance from each other, and then the tip approached the surface system in a quasi-static manner with equal steps of 0.1 Å . The tip displacement in the simulations is measured with respect to the fixed layers in the tip and surface, and thus is consistent with the piezodisplacement in AFM. The calculated total energies were then fitted by a sum of inverse powers up to 6-th order. Subsequently, the tip force F(z) between the nanometer-sized tip at the end of the cantilever and the sample were obtained by differentiating the energy U(z) curve.
To avoid the problem of considering the (unknown) long-range interaction due to a macroscopic part of the tip, the corresponding attractive background force was subtracted in all cases using an ''on minus off'' method commonly used in experiments 7, 9 . We used the ''off'' spectra taken over the corner holes of the Si(111)-737 surface, which correspond to the weakest short range force. The calculated spectrum is subtracted from the spectra calculated over other lattice sites so that reliable short range force curves may be obtained in the case of each tip. The force curves, F(z), obtained in this way are better suited for characterising the response of every tip apex without the uncontrolled contribution from the (unknown) macroscopic part of the tip.
Two imaging modes in FM-AFM, topographic and constant height, are available. Since it is known 11 that intramolecular contrast can be obtained in the constant height mode when the force gradient becomes negative, i.e. when the repulsive contribution to the tip-sample interaction causes the force to turn around beyond the minimum in the force curve, the constant height mode is employed in our analysis.
Drawings of the electronic density and electrostatic potential were produced using VESTA 54 .
